Colonization by Streptococcus gallolyticus subsp. gallolyticus (SGG) is strongly associated with the occurrence of colorectal cancer (CRC). However, the factors leading to its successful colonization are unknown, and whether SGG influences the oncogenic process or benefits from the tumor-prone environment to prevail remains an open question. Here, we elucidate crucial steps that explain how CRC favors SGG colonization. By using mice genetically prone to CRC, we show that SGG colonization is 1,000-fold higher in tumorbearing mice than in normal mice. This selective advantage occurs at the expense of resident intestinal enterococci. An SGG-specific locus encoding a bacteriocin ("gallocin") is shown to kill enterococci in vitro. Importantly, bile acids strongly enhance this bacteriocin activity in vivo, leading to greater SGG colonization. Constitutive activation of the Wnt pathway, one of the earliest signaling alterations in CRC, and the decreased expression of the bile acid apical transporter gene Slc10A2, as an effect of the Apc founding mutation, may thereby sustain intestinal colonization by SGG. We conclude that CRC-specific conditions promote SGG colonization of the gut by replacing commensal enterococci in their niche.
APC/Notch | S. gallolyticus | S. bovis | colorectal cancer | bacteriocin C olorectal cancer (CRC) is the third most common cause of cancer mortality worldwide, with 1.4 million new cases and 694,000 deaths in 2012 (World Health Organization report, 2014). CRC is primarily a genetic disease that develops over many years via series of genetic changes (i.e., somatic mutations and epigenetic modifications) known as the adenoma-carcinoma sequence. The colon is a complex ecosystem characterized by the presence of rich and diverse microbiota, and CRC development has been consistently associated with a shift in microbiota composition (i.e., dysbiosis) (1) (2) (3) . Although definitive identification of a CRCspecific core dysbiosis is still pending, overrepresentation of specific bacterial species in the microbiota of patients with CRC is now established (1) (2) (3) (4) (5) (6) (7) . Among these, Streptococcus gallolyticus subsp. gallolyticus (SGG), formerly known as Streptococcus bovis biotype I, was one of the first bacteria clearly associated with CRC occurrence. SGG is responsible for endocarditis and bacteremia in elderly persons. It belongs to the S. bovis/equinus complex (SBSEC), encompassing a wide group of bacteria that, thanks to molecular taxonomy tools, can now be resolved into closely related species and subspecies such as the opportunistic pathogen S. gallolyticus subsp. pasteurianus (SGP) and the dairy starter S. gallolyticus subsp. macedonicus (SGM) (8) . However, only SGG has been consistently linked to underlying CRC (9) .
Detection of SGG in patient blood cultures has become an indication to perform colonoscopy. Indeed, 70% of patients with SGG invasive infection and undergoing colonoscopy are diagnosed with colonic neoplasia, compared with 32% of patients free of SGG but presenting symptoms or a family history of CRC (10) . SGG presence is increased approximately 10-fold in tumoral colonic tissues compared with normal colonic tissues (5, 11) . Similarly, 68% of patients with CRC are seropositive for SGG-specific IgG antibodies, compared with 17% in a sex-and age-matched control population (12) . It is worth mentioning that SGG presence is more common in earlystage adenomas than in later-stage carcinomas (10, 12) . Importantly, a significant association of exposure to SGG antigens and CRC risk was demonstrated in a large seroepidemiological study (13) .
Despite accumulating association data, the mechanisms underlying SGG enrichment in CRC remain elusive, even though it was previously suggested that SGG benefits from the tumoral environment for its growth (14) . It was also postulated that sites of neoplastic lesions might facilitate passage of SGG into the blood (15) , but SGG infectious endocarditis could be detected several years before CRC diagnosis (16) . Moreover, it has been shown that the relative risk of developing an invasive infection by SGG in the presence of a colon carcinoma is only 3-6%, whereas
Significance
Growing evidence indicates a correlation between colorectal cancer and intestinal dysbiosis or colonization by single bacterial species such as Streptococcus gallolyticus subsp. gallolyticus (SGG), yet a causality link remains to be established. To address this point experimentally, we colonized Apc +/− Notchinducible mice with SGG. Apc +/− is a pioneer somatic mutation driving the occurrence of polyps. We did not observe significant changes in the occurrence or development of polyps in this model. However, we observed a strong SGG colonization in Apc +/− mice at the expense of resident enterococci. We related this ecological substitution to activation of a SGG-specific bacteriocin whose activity is induced in vivo by the detergent effect of an increased concentration of secondary bile acids in relation to oncogenic situation.
60-75% of patients with SGG endocarditis simultaneously present a malignant colonic lesion that was not previously diagnosed (17) . High concentration of fecal secondary bile acids is a recognized risk factor for CRC, with patients exhibiting an elevated level of deoxycholic acid (DCA) and an increased lithocholic acid (LCA)/ DCA ratio (18, 19) . Importantly, a distinctive characteristic of SGG is its unusually high resistance to bile acids (20) .
In this work, we demonstrate that Notch/APC mice, which are prone to develop low-grade adenoma in the colon, constitute a suitable experimental model in which to study the mechanism underlying SGG localization and enrichment in human CRC. We first showed enhanced colonization by SGG in Notch/APC compared with nontumoral Notch mice used as controls. Next, we demonstrated that Notch/APC mice displayed an increased level of excreted secondary bile acids, a tumor-associated condition favoring SGG colonization. We found a decreased transcriptional expression of Slc10A2, encoding a major ileal bile acid transporter, in Notch/APC mice. Finally, we identified a SGG-specific bacteriocin whose activity is enhanced by tumor microenvironment to create a colonization niche in which SGG outcompetes closely related bacterial species.
Results

Presence of Intestinal Polyps in the Notch/APC Murine Model Allows
Gut Colonization and Persistence of SGG UCN34. To understand the molecular mechanisms underlying enhanced SGG colon colonization in tumor conditions, we compared the colonization efficiency of our SGG model strain, UCN34, in healthy and tumor-bearing mice. Apc +/1638N mice (henceforth referred to as APC mice) are heterozygous for a loss-of-function allele of Apc (adenomatous polyposis coli), a key negative regulator of β-catenin/ Wnt pathway mutated in more than 80% of human colonic tumors. APC mice spontaneously develop intestinal polyps following loss of the second Apc allele, leading to constitutive activation of the Wnt signaling pathway. As these mice develop polyps mainly in the small intestine and not in the colon, we decided to use Notch/APC mice resulting from the crossing of APC mice with previously described Vil-Cre/Nic mice (21) , henceforth referred to as Notch mice. In addition to the constitutive Apc +/1638N mutation, Notch/APC mice contain a second genetic modification allowing tamoxifen-inducible activation of the Notch receptor in intestinal epithelial cells (21) . Notch activation in Notch/APC mice leads to a decrease in the latency period for the development of low-grade adenomas compared with APC mice and, more importantly, to the appearance of large numbers of dysplastic lesions in the colon (21) . As Notch mice do not develop any intestinal polyps following tamoxifen injection, the development of colonic polyps in Notch/APC mice results from the synergy between Notch and Wnt pathways in intestinal epithelium (21) .
Two months after Notch receptor activation in Notch/APC mice, as many as 30 colonic polyps per mouse were detected, mostly located in the proximal colon. We then monitored the capacity of SGG strain UCN34 to colonize the mouse gut 7 d after oral gavage by plating the stools on selective agar plates (protocol 1). By using tamoxifen-injected Notch mice as control littermates, we found that the UCN34 colonization capacity was 1,000 fold higher in Notch/APC tumor-bearing mice compared with healthy control Notch mice (Fig. 1A) . It is important to note that, in tamoxifen-induced Notch/APC mice, SGG was able to colonize the intestinal tract without any antibiotic treatment.
We then aimed at determining the impact of intestinal tumors on the persistence of gut colonization by SGG in the Notch/APC model. However, tumor-bearing Notch/APC mice exhibited a limited life expectancy, with almost all mice dying within 3 mo following Notch receptor activation. Thus, the experimental setup was slightly modified to introduce SGG UCN34 in the mouse 1 mo before Notch activation as previously described in C57BL/6 WT mice (22) . To reach detectable colonization in these pretumoral conditions, mice were pretreated with antibiotic agents for 1 wk, allowing the study of SGG persistence over several months (protocol 2). In this setting, SGG UCN34 persisted at a constant level for more than 3 mo in tumor-bearing Notch/APC mice, whereas SGG carriage decreased significantly in control Notch mice 2 mo after colonization (Fig. 1B) . Macroscopic inspection of adenomas at the time of animal euthanasia did not reveal any increase (in number and/or size) in tumor formation promoted by SGG UCN34 (Fig. 1B) . A preferential colonization by SGG UCN34 was found in the ileum and proximal colon of Notch/APC mice, but not in the distal colon (Fig. 1C) .
To evaluate the contribution of Apc +/1638N mutation alone in SGG persistence, the same experiment (i.e., protocol 2) was performed in APC mice vs. WT control mice. Importantly, SGG colonization capacity was found to be 1,000 fold higher in APC mice compared with WT control in ileum and stools (Fig. 1C) . Thus, Apc +/1638N mutation is sufficient to promote SGG intestinal colonization.
Next, immunohistochemical analyses were carried out by using a specific polyclonal antibody raised against SGG UCN34 to visualize bacterial adhesion on intestinal tissues. SGG UCN34 was found entrapped in the mucus layer overlaying the epithelium in Notch/APC mice, whereas SGG was barely detectable in control Notch mice (Fig. 1D) . A similar localization was reported in WT C57BL/6 mice, with even lower numbers of SGG UCN34 (22) . Of note, we did not observe any preferential attachment of SGG to the tumor sites, and bacterial density appeared similar in the lumen regardless of the presence of a tumor in underlying mucosal tissue (Fig. 1D ). Enterococci. To test whether the tumor alone was sufficient to mediate enhanced colonization by SGG, persistence of UCN34 was quantified in specific pathogen-free (SPF) and germfree (GF) Notch and Notch/APC mice. Although GF Notch/APC mice developed fewer tumors than their SPF counterparts, these mice still harbored tens of colonic adenomas following tamoxifen injection. We confirmed that UCN34 more efficiently colonized SPF Notch/APC mice compared with SPF Notch mice. However, in the absence of an endogenous gut microbiota, no difference could be seen in the amounts of SGG UCN34 recovered from the stools of tumor-bearing and healthy mice ( Fig. 2A) . Moreover, fecal microbiota transfer from Notch/APC mice to GF WT mice did not enhance SGG UCN34 colonization compared with the transfer of control Notch mice microbiota (Fig. 2B ), indicating that it is not tumor-induced microbiota dysbiosis per se that influences SGG colonization.
To monitor SGG colonization in SPF mice, we used selective entero agar plates (also called Slanetz and Bartley) to discriminate between SGG (pink) and enterococci (purple), the latter being a prominent member of murine microbiota (Fig. S1A) . Interestingly, the increase of SGG UCN34 in Notch/APC mice was concomitant with a decrease in the fecal carriage of commensal enterococci in both experimental settings (protocols 1 and 2; Fig. 1 ). Indeed, total numbers of enterococci significantly decreased after SGG inoculation in tumor-bearing Notch/ APC mice compared with control Notch mice (Fig. 2C ). This result suggests that SGG UCN34 is able to outcompete commensal enterococci in tumor-bearing mice.
To test whether SGG UCN34 could inhibit the growth of commensal enterococci in vitro, killing assays were performed by using a simple agar spot test. Briefly, the "target" bacteria, Enterococcus faecalis, were flooded on the surface of agar plates and the "predator" bacteria, SGG UCN34, were spotted in holes punched in agar. After growth of target bacteria at 37°C, a clear zone of inhibition became visible around SGG spots, suggesting the production of a diffusible antibacterial molecule by SGG UCN34 (Fig. 2D) . Interestingly, the majority of the SGG clinical isolates from our collection were similarly able to inhibit the growth of E. faecalis, whereas the colonizing isolates identified as SGP or the nonpathogenic SGM lacked this activity (Fig. S1B) . The inhibitory activity of SGG UCN34 was demonstrated on six different E. faecalis strains, including murine autochthonous and human isolates (Fig. S1C) . Interestingly, only one isolate of Enterococcus faecium was found to be sensitive to this bacteriocin, whereas Enterococcus hirae isolate was found resistant (Fig. S1C ). In silico search for genes encoding annotated bacteriocins in the genome of SGG UCN34 provided three hits: gallo_2020, gallo_2021, and gallo_2203. BLAST searches revealed that gallo_2203 was also present in the genome of the nonpathogenic SGM strain ACA-DC 198, whereas gallo_2020 and gallo_2021 were specific and highly conserved in many SGG strains. In silico analysis revealed that gallo_2021 and gallo_2020 encode small hydrophobic proteins of 83 and 65 aa, respectively, that belong to the class II bacteriocins (Pfam 10439) showing a characteristic double-glycine leader peptide. These bacteriocins are usually constituted of two genes encoding short peptides, named alpha and beta, that fold into α-helical structures and insert into target bacterial membranes to alter their permeability. First, we verified at DNA and RNA levels that gallo_2021 and gallo_2020 were present and transcribed in SGG UCN34 but not in our nonpathogenic SGM strain CIP105683T (Fig. S2 ). Transcription of gallo_2020 correlated with inhibitory activity of SGG bacteriocin against E. faecalis (Fig. S2) . To test the role of these genes in the inhibitory effect of SGG against enterococci isolates, we constructed a targeted deletion mutant of both gallo_2021 and gallo_2020, named Δblp, in strain UCN34 (Fig. S2 ). This mutant appeared unable to inhibit the growth of E. faecalis strains in vitro by using the agar spot assay, and this activity was restored by complementation with the deleted genes (Fig. 2D ). These results demonstrated that UCN34 gallo_2021 and gallo_2020-which we propose to rename blpA and blpB (for bacteriocin-like peptide), respectively-encode bacteriocins active against E. faecalis (Fig.  S2) . In addition to E. faecalis, a number of closely related Grampositive bacteria such as SGM or Streptococcus thermophilus were found susceptible to this bacteriocin, which we propose to name gallocin, whereas no effect was detected on Gram-negative bacteria such as Escherichia coli or Bacteroides thetaiotaomicron (Fig. S1C ).
Next, we tested the ability of this mutant UCN34Δblp to colonize the gastrointestinal tract of Notch/APC vs. Notch mice. Colonization levels of UCN34Δblp in the ileum, proximal colon, or stool were similar in tumor-bearing Notch/APC mice compared with control Notch mice (Fig. 2E) . Similarly, the 3-log increase of SGG UCN34 colonization in APC vs. WT mice was reduced to a 1-log increase by using only the isogenic UCN34Δblp mutant (Fig. 2E) . These results indicate that the specific bacteriocin activity encoded in the blpAB region is critical for the enhanced SGG colonization in the genetic context predisposing to CRC (Apc mutation). (B) cfu counts of SGG UCN34 in the stool of Notch and Notch/APC mice at different time points following its oral inoculation. SGG was administered 1 mo before tamoxifen injection following a 1-wk antibiotic (Ab) treatment. Macroscopic adenoma count in the colon of SGG colonized vs. PBS solution-treated Notch/APC mice at the time of euthanasia, 2 mo following tamoxifen injection (mean ± SEM; **P ≤ 0.01 and *P ≤ 0.05, t test). (C) Mean ± SEM cfu counts of SGG UCN34 in the ileum and proximal (Pxi) and distal (Ds) colon of Notch, Notch/APC, WT, and APC mice 3 mo after oral inoculation (Prt 2; *P ≤ 0.05, t test). (D) Immunofluorescence staining of SGG UCN34 in Notch/APC colonic tissues 3 mo after its inoculation (Prt 2) shows tumoral (marked as "T") and adjacent nontumoral (NT) areas. Bacteria (in red) were stained with a specific rabbit anti-UCN34 polyclonal antibody and anti-rabbit IgG coupled to Alexa Fluor 568, respectively. Mucus was visualized with wheat germ agglutinin (WGA) lectin coupled to Alexa Fluor 488 (green), and nuclei were labeled with DAPI (cyan blue). ns, not significant. (Scale bar, 100 μm.) SGG-Specific Bacteriocin Activity Is Enhanced by Gut Bile Acids. Class II bacteriocins consist of two different peptides that need to fold into α-helical structures to acquire the capacity to insert into target membranes and exert their antimicrobial activity. Helical structuring is favored when the peptides are exposed to a more hydrophobic or membrane-like environment, i.e., solutions containing micelles or liposomes (23) . Consistently, addition of detergents at greater than micelle concentrations was required to reveal SGG antimicrobial activity targeting enterococci in the culture supernatant as previously described (24) . By using our spot agar diffusion assay, we found that cell-free sterile-filtered supernatant of strain UCN34 was poorly inhibiting enterococci growth unless a subinhibitory dose of Tween 20 (1%) was added (Fig. 3A) . This effect was not specific to Tween 20 and could be obtained by using other detergents such as Tween 60, Nonidet P-40, Triton X-100, or SDS (Fig. S1D) . Bile acids, which are natural detergents found in the host intestine that solubilize diet fats, may account for enhancement of the gallocin activity in vivo. Primary bile acids are synthesized in the liver from cholesterol. They are secreted in the gut lumen in a conjugated form before being transformed by the intestinal microbiota into unconjugated and secondary bile acids. As gallocin activity was preferentially expressed in tumor conditions, we hypothesized that microbiotadependent secondary bile acids such as DCA and LCA, the levels of which have been linked to colon cancer development in animal models and in humans, could explain the prevalence of SGG in Notch/APC mice but not in control Notch mice.
By using our spot agar diffusion assay, we first showed that DCA used at 10 mM (∼0.4%) was able to replace Tween 20 (1%) to detect gallocin activity (Fig. 3A) . Similar effect was observed with all bile acids that were tested: LCA, chenodeoxycholic acid (CDCA), cholic acid (CA), taurodeoxycholic acid, and glycodeoxycholic acid (GDCA). To compare the contribution of the various bile acids, we set up a quantitative test whereby E. faecalis growth in broth was monitored in the presence of UCN34 sterilefiltered supernatant supplemented with various concentrations of bile acids. As negative control, we used the sterile-filtered supernatant of our isogenic UCN34Δblp mutant. In this assay, we noticed that DCA was 10 times more efficient at synergizing with gallocin than its conjugated form GDCA (Fig. 3B) . Moreover, LCA, another secondary bile acid known for its toxicity, appeared 10 times more efficient than DCA.
We next tested whether an increase in secondary bile acids in our murine model could facilitate SGG UCN34 colonization by enhancing gallocin activity. UCN34 colonization efficiency was assessed in C57BL/6J WT mice fed two different doses (0.1% and 0.3%) of DCA for 1 wk. This short-term DCA treatment did not induce significant weight loss in mice. DCA administration at the highest dose enhanced gut colonization level by SGG UCN34. In contrast, intestinal colonization of the Δblp mutant was not significantly different among the different groups of mice (Fig. 3C) . To further evaluate the role of bile acids in the colonization capacity of SGG UCN34 in tumor-bearing mice, we used cholestyramine (CS), a bile acid chelator, to reduce the availability of bile acids in the gut. Notch/APC mice colonized with SGG UCN34 received a 1-wk treatment with 2% CS, and stools were plated before and after treatment. Comparison of SGG colonization levels, although variable from mouse to mouse, showed a consistent reduction in colonization efficiency, confirming that bile acids are playing an important role in SGG UCN34 colonization in Notch/APC mice (Fig. 4A) . LCA, ursodeoxycholic acid), and 11 conjugated bile acids were quantified by MS in the stools of tumor-bearing Notch/APC and control Notch mice (Fig. 4B) . Although we did not observe any significant difference in the quantity of primary and conjugated bile acids, we found a significant increase in secondary bile acids (Fig. 4B ). DCA and LCA were both significantly enriched in the stools of tumor-bearing Notch/APC mice compared with control Notch mice (Fig. 4B) .
Intestinal epithelial cells play a major role in regulating bile acid levels in the gut lumen. Indeed, the majority of ileal bile acids are recycled back to the liver following active reabsorption across the epithelium by apical and basolateral transporters. We thus hypothesized that epithelial signaling alteration in CRCpredisposed Notch/APC mice may disrupt bile acid reabsorption, resulting in their increased excretion. We compared expression levels of a panel of genes involved in epithelial bile acid transport in Notch/APC and Notch mice. Whereas we did not observe any difference in the expression level of genes encoding basolateral transporters (Osta, Ostb) and intracellular bile acid sensors (Fabp6, Fgf15, Fxr; Fig. S3 ), we could demonstrate a significant down-regulation in expression of the Slc10A2 gene, encoding an apical bile acid transporter in Notch/APC mice compared with Notch mice, in the ileum and proximal colon (Fig. 4C ). In contrast, the expression levels of genes encoding bile acid transport (i.e., Ntcp, Oatp1, Bsep, Mrp3), synthesis (i.e., Cyp7a1, Cyp8b1, Cyp27a1, Akr1d1), intracellular sensing (i.e., Shp, Fxr), and conjugation (i.e., Baat, Bacs, Hnf4a1, Taut, Csd) in the liver were similar between Notch and Notch/APC mice (Fig. S4) .
Furthermore, we found that, in APC mice, Slc10A2 was significantly down-regulated in the ileum, but not in the proximal colon, compared with WT mice, even before the appearance of visible polyps (age 2 mo; Fig. 4D ). These results indicate that Apc mutation, which is an early event in CRC development, leads to the transcriptional down-regulation of Slc10A2 expression in the intestinal epithelium.
To decipher the mechanisms underlying Slc10a2 down-regulation in APC mice, we used the organoid model of primary intestinal epithelial cell culture, which constitutes a pure epithelial system recapitulating all cell types, including stem cells, proliferating progenitors, and differentiated cells from different lineages (i.e., goblet cell, enterocytes, enteroendocrine cells, Paneth cell, stem cells) (25) . We produced small intestinal organoids from WT C57BL/6 mice and exposed them to increasing doses of Wnt3A for 20 h to mimic constitutive activation of the Wnt pathway that supports polyp development in Apc +/− mice. Strong induction of Wnt signaling in small intestinal organoids is known to impair epithelial differentiation (26) and to promote the formation of cystic structures, reminiscent of tumoral organoids (Fig. 4E ) (27) . In this context, we found that Wnt activation resulted in Slc10A2 gene expression down-regulation, whereas the expression of Mrp3, encoding another epithelial membrane transporter, was unchanged (Fig. 4E) . Bile acid malabsorption and subsequent SGG colonization may thus constitute very early biomarkers of CRC development.
Discussion SGG colonization of the gut is strongly associated with the presence of colonic neoplasia. Whether SGG plays an etiological role precipitating the occurrence of polyps and tumors or acquires a strong colonization property in response to a favorable ecological environment created by the tumor itself or preexisting conditions remains unknown. It is worth mentioning that, even though asymptomatic carriage of SGG is estimated to be between 5% and 15% in the literature, mostly using enrichment on selective media and culture techniques, a recent study indicated a much higher carriage rate (∼60%) by using quantitative realtime PCR (28) .
Sporadic CRC remains a genetic disease that results from the occurrence of successive somatic mutations, Apc being one of the first, driving precancerous polyp development in humans. It is found in more than 80% of human sporadic colon cancers and is also responsible for the familial adenomatous polyposis (FAP) syndrome, one of the main forms of hereditary colon cancer. Apc loss leads to the constitutive activation of Wnt pathway, one of the earliest signaling alterations in CRC, which in turn induces cell proliferation and rapid loss of epithelial differentiation (29) that can be recapitulated in intestinal organoids (26) . Of note, Apc mutation in APC min/+ mice is associated with intestinal dysbiosis even before the appearance of any visible polyps (30) .
We first demonstrated greater SGG gut colonization in mice bearing the CRC-predisposing loss-of-function mutation in the Apc gene. Although Apc mutation alone is sufficient to lead to few polyps in the small intestine, development of an increased number of adenomas preferentially located in the proximal colon requires the synergistic activation of Wnt and Notch pathways in intestinal epithelium as shown previously in Notch/APC mice (27) . By using this double transgenic model, we confirmed significantly greater colonization of SGG UCN34 in tumor-bearing mice compared with control Notch mice. Strikingly, SGG UCN34 was able to colonize the intestinal gut of Notch/APC mice at a high level without any antibiotic treatment (Fig. 1A) . Histological analyses showed greater colonization of ileum and proximal colon on the entire mucosa and not preferentially at the tumor sites. As shown previously (22) , SGG UCN34 was found entrapped in the mucus layer (Fig. 1D) . Although we did not observe any obvious difference in the thickness of the mucus layer between tumor-bearing Notch/APC and control Notch mice, we have not compared the mucus composition between these two genotypes and thus cannot rule out the possibility that minor differences in mucin composition may also contribute to differential colonization. Next, we found that SGG-enhanced colonization in tumor conditions was occurring at the expense of another closely related bacterium, E. faecalis, present in the murine gut microbiota. Further studies led to the identification of a bacteriocin, here named gallocin, specifically produced and secreted by SGG, whose activity is strongly enhanced in CRCassociated conditions that kill E. faecalis, one of the first bacterial colonizers of the naïve mammalian gut microbiota, allowing successful SGG colonization in the murine intestinal tract.
Gallocin is encoded by two genes, blpA (gallo_2021) and blpB (gallo_2020), which are absent from closely related bacteria belonging to the SBSEC. Gallocin is a class II bacteriocin, and members of this family are widespread in lactic acid bacteria, including streptococci. These molecules are usually directed against closely related bacteria competing within the same environment. The genetic locus encoding gallocin in SGG UCN34 is complex and shares many similarities with the blp genomic region of Streptococcus pneumoniae encoding several ORFs encoding small bacteriocin peptides, interspersed with immunity genes and membrane transporters (Fig. S2 ). BlpI and BlpJ are the closest orthologs of BlpA and BlpB, but their expression and role in S. pneumoniae have not been studied to our knowledge. Only pneumococcal blpMN-encoded bacteriocin has been shown to be involved in intraspecies competition and important for nasopharynx colonization (31) .
Importantly, we found that gallocin activity was strongly enhanced in a bile acid-enriched environment, a broadly recognized risk factor for CRC. Patients with CRC show elevated DCA level and LCA/DCA ratio in their stools (18, 19) . Furthermore, chronic long-term administration of DCA in animal models promotes cancer development (32, 33) . DCA has particularly been shown to promote CRC development in Apc (Fig. S1 ). In addition, detergents are known activators of these bacteriocins, as they provide a membrane-like scaffold allowing proper α-helical folding of the two interacting hydrophobic peptides (23, (34) (35) (36) .
Elevated levels of intestinal bile acids, which means increased risk of CRC, can result from environmental factors such as highfat diet (37) and/or inherited host genetic factors. Increased fecal bile acid has been detected in patients with FAP in whom multiple adenomas develop (38) . Polymorphisms in the SLC10A2 gene, encoding an apical bile acid transporter, have been linked to CRC risk (39) . This is consistent with the observation that inactivation of this gene in mice enhanced CRC development (40) . Here, we identified a link to one of the earliest signaling alterations in CRC development, i.e., Wnt pathway activation and elevated levels of bile acids. We showed that constitutive activation of the Wnt pathway in intestinal epithelial cells resulted in down-regulation of the expression of Slc10A2 gene encoding a major apical bile acid transporter.
In conclusion, Wnt pathway activation and increased secondary bile acids are both part of a vicious circle supporting CRC development (26) . This study shows that this loop creates an optimal environment for SGG colonization. Overall, our results demonstrate that the tumor environment allows SGG to prevail and colonize the host intestinal tract. In that sense, SGG is not a bona fide pathogen that is intrinsically able to cause disease in a healthy host, but rather an opportunist pathobiont benefiting from a favorable ecological niche offered by the intestinal oncogenic environment, which eventually promotes its translocation and systemic dissemination. However, a very recent study demonstrated that SGG strain TX2005 can promote colorectal tumor development through increase of epithelial cell proliferation (41) . Finally, it is worth mentioning that combined detection of increased levels of luminal bile acids and of SGG may constitute useful diagnostic tools for the detection of CRC at early stages.
Materials and Methods
Mouse Experiments. All animal experiments were carried out under approval by the Use Committee of Institut Pasteur and by the French Ministry of Agriculture (committee protocol no. 2013-0030). Notch/APC mice have been previously described (21) . They were obtained from Sylvie Robine (Institut Curie, Paris, France) and bred under specific opportunistic pathogen-free conditions at Institut Pasteur. GF Notch and Notch/APC mice were produced at Institut Pasteur facility by sterile C-section and kept in sterile isolators. Six-week-old C57BL/6J RJ mice were bought from Janvier Labs.
UCN34 Colonization Experiments in Notch/APC Mice. Notch and Notch/APC mice were genotyped and put in separate cages right after weaning (age 4 wk). Three-month-old Notch and Notch/APC mice received i.p. injection of tamoxifen (50 μg/g animal body weight; MP Biomedicals) every day for five consecutive days. For SGG UCN34 colonization experiments, bacteria were grown overnight in Todd-Hewitt (TH) broth at 37°C and subcultured in fresh medium until exponential phase (OD 600 0.4-0.6). Bacteria were then washed once in PBS solution, and each mouse received 10 10 bacteria in 200 μL PBS solution by oral gavage using a straight feeding cannula (Bioseb N-020). For long-term persistence experiments, 2-mo-old Notch/APC mice were first treated with a broad-spectrum antibiotic mixture including vancomycin (50 μg/g), neomycin (100 μg/g), metronidazole (100 μg/g), amphotericin B (1 μg/g), and ampicillin (1 g/L) for 8 d as previously described (42) . Antibiotic-treated mice were then fed SGG for three consecutive days. Bacteria colonization was determined by cfu counts. Briefly freshly collected stools were weighed and homogenized by using a Precellys homogenizer (Bertine) for 2 × 15 s at a frequency of 5,000 rpm. Following serial dilutions, samples were plated on Enterococcus agar-selective media (BD Difco) for counting of SGG colonies, exhibiting a specific pink color on these plates as described previously (5) .
Microbiota Transfer Experiment. Stool from Notch and Notch/APC mice was freshly collected, homogenized in PBS solution (100 mg/mL), and passed through a 100-μm filter. GF mice were fed 300 μL of the stool suspension once. Two days later, recipient mice were fed 10 10 cfu of S. gallolyticus strain UCN34 (WT).
DNA Extraction from Intestinal Content and Microbiota Composition Analysis.
Intestinal contents were collected from each group of mice and immediately stored at −80°C. Total DNA was extracted from samples by using the PowerFecal DNA isolation kit (MoBio 12830). PCR inhibition was tested with DNA dilutions by using the TaqMan exogenous internal positive control (Applied Biosytems). Conditions for quantitative PCR amplifications were as follows: one cycle at 95°C for 10 min followed by 40 cycles at 95°C for 15 s and 40 cycles at 60°C for 1 min. The ABI PRISM 7000 sequence detection system and 7000 system software (version 1.2.3; Applied Biosytems) were used. Total bacteria were detected by using the TaqMan universal PCR system. E. coli, Enterococcus, and Lactobacillus/Leuconostoc were detected by using the SYBR Green PCR system. Probes and primers used are shown in Table 1 . Standard curves generated from 10-fold serial dilutions of DNA samples of specific strains were used for quantification.
Construction of a Bacteriocin-Deficient Mutant UCN34 Δblp. SGG strains were grown at 37°C in TH broth in standing filled flasks. The UCN34Δblp-deficient mutant was constructed as previously described (43) by using splicing-byoverlap extension PCR. The resulting recombinant vector pG1-Δblp was introduced directly in SGG UCN34 by electroporation. The deleted region covers the two ORFs encoding the bacteriocin (gallo_2021-gallo_2020). The deletion mutant was identified by PCR and confirmed by sequence analysis on chromosomal DNA. The primers used are listed in Table 1 . We used the back-to-WT strain as a control in all experiments.
Mouse Treatment with Deoxycholate and CS. Eight-week-old C57BL/6 mice were given a deoxycholate-enriched diet. Sodium deoxycholate (0.1% or 0.3% weight ratio; Sigma) was combined with minced chow and left for free access in the cage. Fresh deoxycholate was added daily for 12 consecutive days. At day 5, UCN34Δblp mutant or the parental UCN34 strain were inoculated by oral gavage. Colonization efficiency was monitored 7 d after inoculation by using an Enterococcus-selective agar plate. For the CS experiment, tamoxifen-injected 5-mo-old Notch/APC mice were colonized with SGG UCN34. Ten days later, 2% (weight ratio) CS (Sigma) was combined daily with minced chow and left freely for mice to eat for 7 d before monitoring of UCN34 colonization level on selective agar plates.
Immunohistochemistry for SGG UCN34 Detection in Intestinal Lumen. Intestinal tissues were recovered, and full rolls were placed in PBS solution/PFA 4% baths for 24 h before paraffin embedding following routine procedures. Sections (10 μm) were permeabilized with 0.1% Triton X-100 for 30 min and blocked for 5 min with Ultra V block (Thermo Scientific). Samples were then incubated for 1 h in PBS solution/10% Ultra V block with rabbit anti-UCN34 (1:200). Secondary Alexa Fluor 568-conjugated goat anti-rabbit antibody (1:200; Life Technologies) and WGA coupled to Alexa Fluor 488 (1:200; Life Technologies) in PBS solution/10% Ultra V block were added, and samples were incubated for 45 min at room temperature. Following 3 min DAPI incubation (1:1,000), slides were mounted in Prolong Gold Antifade reagent and imaged by using an Opterra swept-field confocal microscope (Bruker).
Bacteriocin Activity Assay. For well diffusion assays, one colony of Enterococcus was put in 10 mL of saline solution, and 5 mL of this suspension was poured on a TH plate. After removal of excess liquid, the plate was dried for 5 min. Using sterile tips, 5-mm-diameter wells were dug into the agar. Each well was then filled with 50-100 μL of the tested solutions: overnight bulk culture or sterile filtered supernatant supplemented or not with different detergents (Tween 20, Tween 60, Nonidet P-40, Triton X-100, SDS) or with deoxycholate (12 mM). The plate was then kept at 37°C overnight, and inhibition zones were measured around the wells. For liquid-phase bacteriocin activity test, 2 10 6 E. faecalis bacteria were inoculated in 96-well plates in 200 μL of TH broth containing 50% freshly prepared sterile filtered UCN34 overnight supernatant (Δblp mutant or WT). Different concentrations of bile acids were added to the wells, and bacteria growth was monitored by OD 600 measurement during a period of 8 h at 37°C with an Infinite 200 PRO plate reader (Tecan). DCA, LCA, and GDCA powders (Sigma) were resuspended in alkaline TH, DMSO, and TH, respectively, at 200 mM.
Gene Expression Analysis in Mouse Tissues. Mouse intestines were flushed with ice-cold PBS solution, and tissue samples were immediately disrupted in TRIzol reagent (Life Technologies) by using a Precellys homogenizer (Ozyme) for 2 × 15 s at a frequency of 6,500 rpm. Following RNA extraction, reverse tran- CAT GCC GCG TGT ATG AAG AA CGG GTA ACG TCA ATG AGC AAA Enterococcus CCC TTA TTG TTA GTT GCC ATC ATT ACT CGT TGT ACT TCC CAT TGT scription was performed by using SuperScriptII reverse transcriptase (Thermo Fisher Scientific) and random hexamers. Quantitative PCR experiments were performed by using Power SYBR Green mix (Applied) and 10 ng of cDNA. The primers used are listed in Table 1 . Quantitative PCR experiments were performed with Power SYBR Green mix (Applied) and 10 ng of cDNA on a QuantiStudio Flex time PCR system (Thermo Fisher). Gene expression was calculated with the standard ΔCt method using Gapdh as the reference housekeeping gene.
Intestinal Bile Acid Profiling. The quantification of excreted bile acids was performed by Metabolon. Lyophilized samples were shipped to Metabolon, samples were extracted with acidified methanol, and sample extracts were spiked with a solution of labeled internal standards and were evaporated to dryness in a gentle stream of nitrogen. The dried extracts were reconstituted and injected onto an Agilent 1290/Sciex QTrap 6500 LC-MS/MS system equipped with a C18 reverse-phase HPLC column. The mass spectrometer is operated in ESI negative ion mode. The peak area of each bile acid parent (pseudo-MRM mode) or product ion was measured against the peak area of the respective internal standard parent (pseudo-MRM mode) or product ion. Quantitation was performed by using a weighted linear least-squares regression analysis generated from fortified calibration standards prepared immediately before each run. Results were corrected for sample weight (i.e., dry lyophilized feces sample).
